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Abstract. Savanna ecosystems are characterized by the co-occurrence of trees and grass-
es. In this paper, we argue that the balance between trees and grasses is, to a large extent,
determined by the indirect interactive effects of herbivory and fire. These effects are based
on the positive feedback between fuel load (grass biomass) and fire intensity. An increase in
the level of grazing leads to reduced fuel load, which makes fire less intense and, thus, less
damaging to trees and, consequently, results in an increase in woody vegetation. The system
then switches from a state with trees and grasses to a state with solely trees. Similarly,
browsers may enhance the effect of fire on trees because they reduce woody biomass, thus
indirectly stimulating grass growth. This consequent increase in fuel load results in more
intense fire and increased decline of biomass. The system then switches from a state with
solely trees to a state with trees and grasses. We maintain that the interaction between fire
and herbivory provides a mechanistic explanation for observed discontinuous changes in
woody and grass biomass. This is an alternative for the soil degradation mechanism, in which
there is a positive feedback between the amount of grass biomass and the amount of water
that infiltrates into the soil. The soil degradation mechanism predicts no discontinuous chang-
es, such as bush encroachment, on sandy soils. Such changes, however, are frequently ob-
served. Therefore, the interactive effects of fire and herbivory provide a more plausible
explanation for the occurrence of discontinuous changes in savanna ecosystems.
Key words: alternate stable states; browsing; bush encroachment; fire; grazing; herbivory; pos-
itive feedback; savanna; stability; tree–grass balance.
INTRODUCTION
Semiarid savanna ecosystems are characterized by a
continuous grass layer intermixed with a discontinuous
layer of trees and shrubs. The co-occurrence of trees
(including shrubs) and grasses is determined by a com-
plex set of interacting factors (Bond and Van Wilgen
1996, Scholes and Archer 1997). Soil moisture avail-
ability is one of the main abiotic factors that determines
the growth of trees and grasses in these systems. Trees
and grasses compete for this resource, which is pri-
marily determined by rainfall, physical soil character-
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istics, and landscape position (Scholes and Archer 1997
and references therein). However, apart from variations
in these abiotic conditions, other factors also influence
woody and grass biomass changes in both time and
space.
Several studies have attributed spatial (Jeltsch et al.
1996, 1998) and temporal (Higgins et al. 2000) vari-
ations in woody and grass biomass to drought, fire, and
herbivores, which affect opportunities for recruitment
and establishment of trees. An example of temporal
variation is demonstrated by the consequences of the
rinderpest pandemic in East Africa at the end of the
19th century. This pandemic decimated livestock and
wildlife populations, causing famine and starvation in
the human population and, consequently, a large de-
cline in anthropogenic fires and herbivory (Dublin et
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PLATE 1. Savanna fire. Photograph by Clau-
dius van de Vijver.
FIG. 1. Positive feedback mechanism between grass bio-
mass (fuel load) and fire intensity, triggered by (A) grazing
and (B) browsing. A decrease in grass biomass leads to re-
duced fuel load that makes fire less intense and, thus, less
damaging to trees, consequently resulting in an increase in
woody vegetation.
al. 1990). This coincided with a strong increase in the
cover of woody species. Recovery of both human num-
bers in subsequent years, and thus the return of an-
thropogenic fires (see Plate 1) and herbivore numbers,
was associated with a decline of woody biomass (Sin-
clair 1979).
In the past 20–30 yr, a similar trend of bush en-
croachment is occurring in many savanna areas. This
time, however, it is ascribed to overgrazing by livestock
and changes in fire regime in combination with years
of drought (Walker et al. 1981, Barnes 1983, Scholes
and Walker 1993, Scholes and Archer 1997).
These examples demonstrate discontinuous changes
in savanna ecosystems: through certain events, a spe-
cific state of the vegetation is replaced by another, a
change that can be irreversible. These alternate vege-
tation states have been identified by various authors,
who have shown that the concept of alternate stable
states is relevant to understanding savanna ecosystem
dynamics (Noy-Meir 1975, Walker et al. 1981, Dublin
et al. 1990, Perrings and Walker 1997, Rietkerk and
Van de Koppel 1997). Moreover, these examples show
the decisive role of fire and herbivory, as well as the
variation in their effects.
Fire and herbivory affect savannas through both di-
rect and indirect effects. Intense fires cause a direct
decline in the cover of woody vegetation by killing
trees or by reducing trees to smaller size classes. Like-
wise, browsing herbivores reduce woody vegetation,
such that trees are either killed or reduced in size (Stu-
art-Hill and Tainton 1989, Prins and Van der Jeugd
1993), the effect of elephants being most profound and
well known (Dublin et al. 1990, Dublin 1995). The
combined effect of fire and herbivory led to the hy-
pothesis that fire causes the decline in woody vegeta-
tion whereas browsers inhibit recovery (Dublin et al.
1990, Belsky 1995, Scholes and Archer 1997). How-
ever, there is also a profound indirect effect of fire and
herbivory on the tree–grass balance.
Grass biomass removal through grazing leads to re-
duced fuel load, which makes fire less intense and, thus,
less damaging to trees; consequently, it may result in
an increase in woody vegetation (Trollope 1984, Sav-
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FIG. 2. Peak standing grass biomass (mean
and 95% CI; n 5 5) in burned and unburned
vegetation during a dry year (350 mm rainfall)
and a wet year (940 mm), measured on four
different soil types in Tarangire National Park,
Tanzania (Van de Vijver 1999). The vegetation
was burned at the beginning of the rainy season.
age and Swetnam 1990, Kaufmann et al. 1994). On the
other hand, browsers may enhance the effect of fire on
trees because they reduce the woody biomass, which
accordingly promotes grass growth. The consequent
increase in fuel load results in more intense fire, thus
decreasing woody biomass. Although the importance
of the indirect, interactive effects of fire, grazing, and
browsing on savanna dynamics has been generally ac-
cepted (Norton-Griffiths 1979, Walker 1993, Belsky
1995, Scholes and Archer 1997, Van de Vijver 1999,
Higgins et al. 2000), the actual consequences for the
tree–grass balance have hardly been investigated.
In this paper, we address this issue by analyzing a
simple model that investigates the interactive effects
of fire, grazing, and browsing on the tree–grass balance
in savannas, depending on soil type and soil moisture
availability. We provide insight into the existence of
alternate vegetation states and discontinuous changes
of these states under different levels of grazing, brows-
ing, and fire frequency.
A MODEL OF TREE–GRASS DYNAMICS
We describe the savanna dynamics by the changes in
the grass and woody biomass, where grass biomass con-
sists of both grasses and herbs, and woody biomass con-
sists of wood, twigs, and leaves of trees and shrubs.
Because larger trees are hardly affected by fire and her-
bivory, we consider only the smaller trees and shrubs
up to 5 m, as these often contribute most of the biomass
in savanna ecosystems (Van de Vijver et al. 1999). The
balance between grasses and trees shifts when grazing,
browsing, and fire intensity change. The relationship
between fire intensity and the growth of trees and grass-
es, as mediated by either grazing or browsing, is shown
in Fig. 1. This figure indicates that a reduction in fire
intensity and, hence, in damage to trees can be the result
of either increased grazing (Fig. 1A) or an indirect result
of decreased browsing (Fig. 1B).
The rate of change of grass biomass depends on the
available soil moisture, mortality, consumption rate of
the grazers, and the impact of fire on grass biomass.
Grasses and trees compete for the available soil mois-
ture, and we assume niche separation in the rooting
zone of grasses and trees (Walter 1971). According to
the two-layer assumption, grasses are the superior com-
petitors in the topsoil layer, where both grasses and
trees root (Jackson et al. 1996). In this paper, the topsoil
layer is referred to as the grass root zone. Although
some grasses have access to water in deeper soil layers,
called the tree root zone, the contribution of this water
to their survival can be considered negligible, because
very few grass roots penetrate to these depths (Pratt
and Gwynne 1977, Knoop and Walker 1985, Weltzin
and McPherson 1997, Schenk and Jackson 2002). Be-
cause we discuss the tree–grass interactions at the land-
scape level, we therefore neglect the possible uptake
of moisture by grasses from the tree root zone. The
part of the model describing the competition for water
between trees and grasses and the niche separation is
essentially the same as that used by Walker et al. (1981)
and Walker and Noy-Meir (1982).
Fire negatively affects the total grass biomass, in-
cluding dead and litter material (Van de Vijver 1999;
see Fig. 2). We assume that the impact of fire on the
total grass biomass, in subsequent years after a fire, is
linearly related to the fire frequency; a higher frequency
will reduce the build-up of total biomass over time.
Grass survival is rarely affected by fire (Van de Vijver
1999), so we assume no negative effects of fire on grass
growth.
In the model, the proportion of water uptake per unit
grass biomass from the grass root zone is defined as
follows (Walker et al. 1981):
uHU 5 (1)H u H 1 u W 1 wH W s
where uH and uW are the rates of water uptake per unit
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TABLE 1. List of the parameters and variables used, their interpretation, units, estimated values, and literature sources.
Parameters
and
variables Interpretation Units Values Sources
H grass biomass g/m2 0–400 Kelly and Walker (1976), Walker et
al. (1981), Van de Vijver (1999)
W woody biomass g/m2 0–1000 Kelly and Walker (1976), Le Houér-
ou (1980), Walker et al. (1981)
rH water use efficiency of grasses g/mm 1.0 Gambiza et al. (2000)
rW water use efficiency of trees g/mm 0.5 Kelly and Walker (1976), Bille
(1980), Lamprey et al. (1980)
UH proportion of water uptake per
unit grass biomass
m2/g See Eq. 1 Walker et al. (1981)
UW proportion of water uptake per
unit woody biomass
m2/g See Eq. 3 Walker et al. (1981)
uH rate of water uptake per unit
grass biomass
mm·yr21·g21 0.9 Walker et al. (1981)
uW rate of water uptake per unit
woody biomass
mm·yr21·g21 0.5 Walker et al. (1981)
u ratio of the rate of uptake of wa-
ter by trees to that by grasses
0.6 Walker et al. (1981)
win annual amount of infiltrated wa-
ter
mm·m22·yr21 0–1000
wt rate of moisture recharge in the
grass root zone
mm·m22·yr21 See Eq. 4
ws rate of moisture recharge in the
tree root zone
mm·m22·yr21 See Eq. 5
dH specific loss of grass biomass
due to mortality
yr21 0.9 Gambiza et al. (2000)
dW specific loss of woody biomass
due to mortality
yr21 0.4 Le Houérou (1980) and references
within
cH consumption coefficient of grass
biomass by grazers
m2·g21·yr21 0.02 Van Soest (1982), Van Wieren
(1992)
cW consumption coefficient of
woody biomass by browsers
m2·g21 yr21 0.02 Van Soest (1982), Van Wieren
(1992)
G grazer biomass g/m2 0–30
B browser biomass g/m2 0–15
kH specific loss of grass biomass
due to fire
yr21 0.1 Van de Vijver (1999)
kW specific loss of woody biomass
due to a fire expressed per
unit energy
W21 0.01 Trollope (1984), Trollope and Trol-
lope (1996), Higgins et al. (2000)
n frequency of fires per year yr21 0–1
a coefficient for the increase in
fire intensity with grass bio-
mass
W·m22·g21 0.5 Trollope (1998), Higgins et al.
(2000)
a proportion of excess water that
percolates
0.4 De Ridder and Van Keulen (1995)
b soil moisture content in the grass
root zone above which water
starts to percolate to the tree
root zone
mm·m22 yr21 200–500 De Ridder and Van Keulen (1995)
biomass of grasses and trees, respectively; H is the
grass biomass; W is the woody biomass; and ws is the
loss of water in the grass root zone through percolation
to the tree root zone. The utilization of water from the
grass root zone by grass is given by UHH, expressed
as a proportion of the total amount of water available
in the grass root zone (Walker and Noy-Meir 1982).
Eq. 1 can be rearranged as
1
U 5 (2)H H 1 uW 1 pws
where u is the ratio of the rate of uptake of water by
trees to that by grasses (uW/uH); p 5 1/uH.
The rate of change of grass biomass H over one year
can then be represented by the differential equation
dH H
5 r w 2 d H 2 c GHH t H Hdt H 1 uW 1 pws
2 k nH (3)H
where rH is the water use efficiency of the grasses and
wt is the rate of recharge of moisture in the grass root
zone. The parameter dH is the specific loss of grass
biomass due to mortality; cH is the consumption co-
efficient of grass biomass by grazers, with G as the
biomass of the grazers. The parameter kH is the specific
loss of grass biomass due to fire, and n is the frequency
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FIG. 3. Effect of fire intensity on stem mor-
tality of shrubs in the arid savannas of the East-
ern Cape (EC) and the Kruger National Park
(KNP) in South Africa (Trollope 1996). In the
EC, the most common shrub species, Acacia
karroo, is more resistant to fire when it is above
;2 m in height, whereas in KNP, this threshold
height is ;3.5 m.
of fires per year, given that 0 # n # 1. In Table 1, the
symbols, their interpretation, units, and estimated val-
ues are enumerated. These parameter values were based
on literature and expert judgment.
In the model, we assume that water that infiltrates
on a yearly basis is available for the growth of grasses
and trees. This water increases the soil moisture content
in the grass root zone up to a certain threshold. Al-
though the grass root zone is not yet saturated, water
starts to percolate to the tree root zone beyond this
threshold. We assume that under arid and semiarid con-
ditions, both grass and tree root zones are not saturated.
For reasons of simplicity, we also assume that all in-
filtrated water is directly available for grass and tree
growth: there is no wilting point beyond which they
cannot survive. The rate of recharge of moisture in the
grass root zone is thus
w 5 w 2 wt in s (4)
where win is the amount of infiltrated water per year.
The parameter ws is proportional to the amount of in-
filtrated water:
w 5 a(w 2 b) if w . b, or else w 5 0 (5)s in in s
where b is the soil moisture content in the grass root
zone above which water starts to percolate to the tree
root zone, and a is the proportion of excess water above
the soil moisture content b that percolates to the tree
root zone. Because we have time steps of 1 yr, the
proportion of excess water a is based on the number
of times the moisture content in the grass root zone
exceeds the soil moisture content b due to rainfall. b
depends on a variety, of factors, of which soil type is
the prime determinant. It is much lower in coarse-tex-
tured, sandy soils than in fine-textured, clayey soils
(Dingman 1994, De Ridder and Van Keulen 1995). Al-
though b depends on soil type, a is kept constant (De
Ridder and Van Keulen 1995).
Woody biomass depends on the amount of soil mois-
ture available for trees in the grass root zone and tree
root zone, mortality, consumption by the browsers, and
loss through fire. Fire intensity is linearly related to the
amount of grass biomass (Trollope 1998, Higgins et al.
2000), and the impact of fire on the woody biomass is
also linearly related to the fire intensity. Trollope and
coworkers (Trollope 1984, 1996, 1998, Trollope and
Trollope 1996) empirically investigated these relation-
ships. They developed a statistical model using 200
monitored fires in South African savannas, showing
that, in addition to vegetation moisture content, relative
humidity, and wind speed, the realized fire intensity is
primarily determined by grass biomass, the driving fuel
for savanna fires (see Higgins et al. 2000). The rela-
tionship between fire intensity and tree damage was
investigated using data on the effects of fire intensity
on stem mortality in two savannas in South Africa. In
both areas, Higgins et al. (2000) found greater stem
mortality with increasing fire intensity (Fig. 3); they
developed a statistical model to predict stem mortality
using the survival rates of trees. Based on data on the
survival rate of 7400 stems of 76 tree species in 40
fires of known intensities, they demonstrated that an
increase in fire intensity leads to higher stem mortality.
Like the water uptake for the grasses, the proportion
of water uptake per unit woody biomass from the grass
root zone is
u uWU 5 5 . (6)W u H 1 u W 1 w H 1 uW 1 pwH W s s
The rate of change of total aboveground woody bio-
mass W over one year can therefore be represented by
the differential equation
dW uW
5 r w 1 w 2 d WW t s W[ ]dt H 1 uW 1 pws
2 c BW 2 k naHW (7)W w
where rW is the water use efficiency of trees; dW is the
specific loss of woody biomass due to mortality; cW is
the consumption coefficient of woody biomass by
browsers; and B is the biomass of the browsers. The
trees use water from both the grass root zone (wt) and
the tree root zone (ws). The parameter kW is the specific
loss of woody biomass due to a fire, expressed per unit
energy; a is the coefficient for the increase in fire in-
tensity with grass biomass.
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FIG. 4. The zero isoclines for woody biomass (dW/dt 5
0) and grass biomass (dH/dt 5 0) drawn in a phase plane for
different amounts of infiltrated water, excluding the effects
of grazing, browsing, or fire (G 5 B 5 n 5 0, where G and
B are grazer and browser biomass, respectively, and n is fire
frequency). The vectors indicate the direction of change. The
dotted line illustrates the path that the system follows over
time, given a certain starting point. Solid circles indicate a
stable equilibrium, and open circles indicate an unstable equi-
librium. (A) A small amount of infiltrated water, win , b (Eqs.
←
4 and 5), leads to one stable equilibrium (0, H̄ ) with solely
grasses and one unstable equilibrium (W̄b, 0). (B) When the
amount of infiltrated water increases so that win . b, the
woody vegetation appears, and a stable equilibrium (W̄, H̄ )
with both grasses and trees can be found. Then, the boundary
equilibria (0, H̄ ) and (W̄b, 0) are unstable. (C) A further in-
crease in the amount of infiltrated water leads to the disap-
pearance of grasses, and trees then dominate the vegetation.
The boundary equilibrium (W̄b, 0) is stable. Parameter values
are: rH 5 1, rW 5 0.5, p 5 1, dH 5 0.9, dW 5 0.4, u 5 0.6,
a 5 0.4, b 5 300; (A) win 5 250; (B) win 5 500; (C) win 5
750. See Table 1 for definitions.
RESULTS
Tree–grass balance without effects of grazing,
browsing, and fire
We first analyzed the model without the effects of
grazing, browsing, and fire in order to obtain insight
into how abiotic conditions (water availability and soil
texture) affect vegetation structure. One way to analyze
the dynamics of the tree–grass model is by plotting the
zero isoclines of the woody and grass biomass in a
phase plane (Fig. 4). The grass isocline is the line join-
ing combinations of woody and grass biomass where
grass biomass does not change (dH/dt 5 0). With de-
creasing grass biomass, the woody biomass equilibrium
increases linearly, independent of the amount of infil-
trated water. The tree isocline is the line showing com-
binations of woody and grass biomass where the change
in woody biomass is zero (dW/dt 5 0). The two iso-
clines in the phase plane may result in several equilib-
ria.
Grasses are able to suppress the woody vegetation
when the amount of infiltrated water (win) is below the
soil moisture content above which water starts to per-
colate to the tree root zone (b). In this situation, the
tree isocline is located under the grass isocline (Fig.
4A). Two equilibria exist: the stable grassland equilib-
rium (0, H̄b) where the grass isocline meets the H-axis,
and the unstable woodland equilibrium (W̄b, 0) where
the tree isocline meets the W-axis. When the amount
of infiltrated water increases (i.e., as a result of in-
creased sandiness or rainfall), the tree isocline bends
upward and shifts to the right, because more water
percolates to the tree root zone that promotes the
growth of the trees. Now, the trees and grasses co-
occur. In the phase plane, three equilibria can be found:
the two unstable boundary equilibria (W̄b, 0) with no
grasses and (0, H̄b) with no trees, and one stable internal
equilibrium (W̄, H̄); see Fig. 4B. This internal equilib-
rium occurs until the tree isocline is located above the
grass isocline, due to a further increase in the amount
of infiltrated water (Fig. 4C). In this situation, one sta-
ble woodland equilibrium exists at (W̄b, 0). Formal sta-
bility analyses of these equilibria are given in the Ap-
pendix.
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FIG. 5. Parameter plane of the amount of infiltrated water
(win) and the soil water content where water starts to percolate
to the tree root zone (b) showing the three vegetation states
of grassland, savannas, and woodland (cf. Walker and Noy-
Meir 1982). Low values for b represent sandy soils, and high
values represent clayey soils. Changes in the parameter values
change the stable states for woody and grass biomass. Pa-
rameter values are: rH 5 1, rW 5 0.5, p 5 1, dH 5 0.9, dW 5
0.4, kH 5 0.1, kW 5 0.01, u 5 0.6, a 5 0.4. See Table 1 for
definitions.
FIG. 6. The zero isoclines for woody biomass (dW/dt 5
0) and grass biomass (dH/dt 5 0) drawn in a phase plane for
fixed values of the amount of infiltrated water (win) and the
soil water content at which water starts to percolate to the
tree root zone (b), but different fire frequencies, including
effects of grazing and browsing. The vectors indicate the
direction of change. The dotted line illustrates the path that
the system follows during time, given a certain starting point.
Solid circles indicate a stable equilibrium, and open circles
indicate an unstable equilibrium. (A) Low fire frequency and
a high amount of infiltrated water result in woody dominance,
where the boundary equilibrium (W̄b, 0) is stable and the
boundary equilibrium (0, H̄) is unstable (compare with Fig.
4C). (B) High fire frequency leads to two stable internal equi-
libria at (W̄1, H̄1) and (W̄b, 0), and two unstable equilibria at
(0, H̄) and (W̄2, H̄2). Parameter values are: rH 5 1, rW 5 0.5,
p 5 1, dH 5 0.9, dW 5 0.4, kH 5 0.1, kW 5 0.01, u 5 0.6, a
5 0.4, b 5 300, win 5 700, cH 5 cW 5 0.02, a 5 0.5, B 5
5, G 5 15. In panel (A), n 5 0.1; in panel (B), n 5 0.9. See
Table 1 for definitions.
This stability analysis shows that parameter varia-
tions affect the existence and stability properties of the
tree and grass equilibria. Each time the qualitative be-
havior of an equilibrium changes, a so-called point of
bifurcation is reached (e.g., Edelstein-Keshet 1988). In
a parameter plane, we can investigate the effects of
parameter changes on the shape and position of the
bifurcation sets. In Fig. 5, the effects of the amount of
infiltrated water (win) and the soil moisture content b
on the tree–grass balance are shown, without the effects
of herbivory and fire. Based on these two abiotic fac-
tors, the occurrence of various vegetation structures of
semiarid systems can be explained. With the increase
in water availability, the vegetation shows transitions
from grassland to savanna with both trees and grasses
(where water starts to percolate) and from savanna to
woodland (where the growth rate of the woody biomass
exceeds that of grass biomass). This agrees with the
expectations for the vegetation structure as discussed
by Walker and Noy-Meir (1982), who also attribute the
grassland to savanna to woodland gradient to rainfall
and soil texture.
Fig. 5 shows that on sandy soils (low value for b)
trees can occur for a lower range of infiltrated water
than on clayey soils. Observations support this: trees
establish under drier conditions on sandy soils than on
clayey soils (Pratt and Gwynne 1977, Walker et al.
1981, Scholes and Archer 1997).
Effects of grazing, browsing, and fire on the
tree–grass balance
With fire and herbivory in the model, two, three, or
even four equilibria can exist in the phase plane (Fig.
6). The interactive effects of herbivory and fire become
important when woodland dominates, or, in terms of
the phase plane, when the tree isocline is located above
the grass isocline and the equilibrium (W̄b, 0) is stable
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FIG. 7. Changes in the equilibrium woody and grass biomass with levels of grazing and browsing and fire frequency.
Sudden jumps of woody and grass biomass occur at distinct levels of grazing, browsing, and fire frequency. Solid lines give
the stable equilibria, and dashed lines give the unstable equilibria. Arrows indicate the direction of development. Parameter
values (see Table 1) are: rH 5 1, rW 5 0.5, p 5 1, dH 5 0.9, dW 5 0.4, kH 5 0.1, kW 5 0.01, u 5 0.6, a 5 0.4, b 5 300, win
5 500, cH 5 cW 5 0.02, a 5 0.5. For (A) and (B), B 5 5, n 5 0.2; for (C) and (D), G 5 25, n 5 0.2; for (E) and (F), B 5
5, G 5 15.
(Fig. 6A). The shift from savanna toward woodland
can be induced by an increase in the amount of infil-
trated water (as in Fig. 4C) or in grazing level (decrease
of the grass biomass), or by a decrease in browsing
level (increase of the woody biomass).
We set the amount of infiltrated water at a constant
level where woodland dominates while fire frequency
may vary. Under the conditions of a low fire frequency,
only woodland occurs (Fig. 6A). The equilibrium (W̄b,
0) is then stable. An increase in fire frequency leads
to the existence of alternate stable states: both savanna
vegetation and woodland can exist under these con-
ditions (Fig. 6B). Four equilibria are found: a stable
equilibrium without grasses (W̄b, 0), one stable internal
equilibrium with both grasses and trees (W̄1, H̄1), and
two unstable equilibria (W̄2, H̄2) and (0, H̄b). Analysis
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of the phase plane also shows that there is a threshold
in fire frequency. When the frequency is below this
threshold, fire causes less damage to the trees and
woodland is able to dominate, whereas both grasses
and trees can exist above this threshold. The two do-
mains with different attracting equilibria that occur in
the phase plane are separated by a separatrix, repre-
senting this threshold (dashed line). For initial values
of the grass and woody biomass under the separatrix,
the system shifts to the equilibrium (W̄b, 0); otherwise,
it develops toward (W̄1, H̄1).
Both internal and boundary equilibria of the system
are shown in Fig. 7 as function of the level of grazing,
browsing, and fire frequency. The solid lines give the
stable equilibria for woody and grass biomass, whereas
the dashed lines refer to the unstable equilibria. This
figure shows that discontinuous changes in grass and
woody biomass occur at distinct levels of grazing,
browsing, or fire frequency when these increase or de-
crease. This discontinuous property may produce hys-
teresis (Lockwood and Lockwood 1993, Rietkerk et al.
1996). Discontinuous changes in the vegetation struc-
ture due to changes in the level of grazing or browsing
and fire frequency may be irreversible to a certain ex-
tent. For example, events such as droughts may carry
the grass biomass below a break point value (indicated
by the separatrix) allowing bush encroachment to oc-
cur. Note that such shifts can occur through small
changes in grass biomass. A decrease in the level of
grazing, however, will only stimulate the recovery of
grass biomass when it is reduced to a lower level than
the level where the collapse occurred. In terms of Fig.
7, the level of grazing should be reduced to the level
where the curved dashed line intersects the line indi-
cating the maximum woody biomass.
The existence of alternate stable states depends crit-
ically on the relationship between fuel load (grass bio-
mass) and fire intensity, i.e., the coefficient for the in-
crease in fire intensity with grass biomass: a in Eq. 7.
When we apply a weaker relationship between grass
biomass and fire intensity, a lower value of a, the pa-
rameter range with alternate stable states becomes
smaller and will disappear. The latter means that there
are also no hysteresis effects with changing levels of
grazing or browsing and fire frequency, as in Fig. 7.
In Fig. 8, the effects of the amount of infiltrated water
(win) and the percolation threshold (b) on the tree–grass
balance are shown (as in Fig. 5), including the effect
of fire, grazing, and browsing. These diagrams show
under what conditions grassland, savanna, or woodland
can be found. They also give the parameter space where
alternate stable states can be expected: either savanna
vegetation or woodland. Because of an increase in fire
frequency, the range for which alternate stable states
are predicted increases at the expense of the woodland
range. At the same time, the increase in browsing in-
tensity increases the parameter range where savanna
vegetation can be found, whereas an increase in grazing
leads to an increase in the woodland range at the ex-
pense of the savanna range. For the conditions where
alternate stable states are predicted, discontinuous
changes such as bush encroachment can occur when
there are small changes in either grass or woody bio-
mass.
DISCUSSION
This study shows that the interactive effects of fire
and herbivory have a large impact on the woody and
grass biomass in savanna ecosystems. These effects
critically hinge on the positive feedback between fuel
load (grass biomass) and fire intensity. Changes in the
level of both grazing and browsing may trigger this
positive feedback, in which a change in grass biomass
results in a change in fuel load. An increase in grass
biomass leads to more intense fires and more damage
to trees, consequently allowing grass biomass to in-
crease. On the other hand, a decrease in grass biomass,
and thus fire intensity, may lead to bush encroachment.
When fire intensity strongly increases with fuel load,
alternate stable states of savanna vegetation and wood-
land exist under certain conditions. The vegetation is
then vulnerable for discontinuous changes from savan-
na vegetation to woodland.
The interaction between fire and herbivory is an al-
ternative for the soil degradation mechanism (Walker
et al. 1981, Walker and Noy-Meir 1982) in explaining
alternate vegetation states of savanna and woodland
and discontinuous changes of these states. This soil
degradation mechanism is based on the positive feed-
back between grass biomass and water infiltration: in-
creasing infiltration with increasing grass biomass
(Kelly and Walker 1976, Walker et al. 1981, Walker
and Noy-Meir 1982, Rietkerk et al. 1997, Rietkerk and
Van de Koppel 1997). It is modeled as
H 1 c i1 0w 5 (8)in H 1 c1
where win is the amount of water that infiltrates; H is
the grass biomass; c1 is the rate at which infiltration
increases with H; and i0 is the infiltration in the absence
of grass biomass. On sandy soils, there is a high water
infiltration in the absence of plants, whereas there is
low water infiltration in the absence of plants on clayey
soils due to soil degradation, e.g., crust formation (Kel-
ly and Walker 1976, Rietkerk et al. 1997). The model
with this infiltration function predicts the existence of
alternate stable states on clayey soils, whereas they are
not predicted on sandy soils. This is because over-
grazing on clayey soils leads to a decrease in water
infiltration in the grass root zone, which enhances
woody biomass that uses an independent deep soil wa-
ter source, whereas on sandy soils, overgrazing has
little effect on infiltration.
However, field observations show that bush en-
croachment occurs on both sandy and clayey soils
(Pratt and Gwynne 1977, Doudill et al. 1998). Our
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FIG. 8. Parameter plane of the amount of infiltrated water (win) and the soil water content where water starts to percolate
to the tree root zone (b) for three vegetation states: grassland, savannas, and woodland. Low values for b represent sandy
soils, and high values represent clayey soils. Changes in the parameter values change the stable states for woody and grass
biomass. Different zones in the parameter planes are related to the different stable states of grassland, savanna, and woodland,
as is demonstrated in the phase planes of Figs. 4 and 6, Fig. 4A–C showing the stable state of grassland, savanna, and
woodland, respectively, and Fig. 6B showing the alternate stable states of savanna and woodland. The parameter planes are
given for different values of fire frequency, grazing, and browsing: from low to high fire frequency (n 5 0.1, 0.5, and 1.0),
from low to high grazing pressure (G 5 5, 10, and 15), and for a low (A) and high (B, facing page) browsing pressure (B
5 0 and 5). Parameter values (see Table 1) are: rH 5 1, rW 5 0.5, p 5 1, dH 5 0.9, dW 5 0.4, kH 5 0.1, kW 5 0.01, u 5 0.6,
a 5 0.4, a 5 0.5, cH 5 cW 5 0.02.
results predict that under certain levels of grazing,
browsing, and fire frequency, discontinuous changes in
the vegetation structure are possible on both clayey and
sandy soils. Therefore, the interactive effects of fire
and herbivory provide a more plausible explanation for
the occurrence of discontinuous changes in savanna
ecosystems.
Various field observations have shown that by re-
ducing grazing intensities and increasing browsing in-
tensities in areas that have become encroached by bush,
the cover of woody species can be significantly reduced
with fire as compared to situations in which grazing
intensity is kept high (Lamprey et al. 1980, Trollope
and Trollope 1996, Trollope 1998). Moreover, the pre-
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dictions for grass and woody biomass, based on specific
parameter values for fire frequency, browser and grazer
biomass, soil type, and rainfall, lie in the range of data
from sparse field observations (Kelly and Walker 1976,
Le Houérou 1980, Walker et al. 1981, Van de Vijver
1999).
Our model could, with certain parameter values, ex-
plain observed discontinuous changes in vegetation
structure in time, such as during and after the rinderpest
pandemic (Sinclair 1979), grassland expansion in the
Serengeti-Mara (Dublin et al. 1990), and the current
increase of woody cover observed in many savannas
(Scholes and Archer 1997). The rinderpest pandemic
led to an increase in woody biomass as result of a
drastic decline in the levels of grazing and browsing
and fire frequency (compare Fig. 6A and B). The model
could predict that the increase in woodland during the
rinderpest and the decline afterward is primarily the
result of changes in browsing and fire, rather than graz-
ing. The model shows that, although a decline in graz-
ing leads to more intense fire and an increase in the
savanna range, the impacts of the decrease in browsing
and fire frequency are larger because these result in a
larger decrease in, respectively, the savanna range and
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the alternate stable state range (Fig. 8). These predic-
tions support the hypothesis of Dublin et al. (1990),
who first argued that the combined effects of browsing
and fire are responsible for woodland decline and grass-
land expansion, as observed in the Serengeti-Mara.
At present, there is a strong increase in woody cover,
i.e., the bush encroachment problem (Hudak 1999), due
to an increased level of grazing that reduces the pa-
rameter range of savanna vegetation to the advantage
of woodland (Fig. 8). An increase in fire frequency
enlarges the parameter range with the alternate stable
states. This may lead to an increase in savanna vege-
tation if a certain threshold is crossed (Fig. 6B). How-
ever, the savanna vegetation is then vulnerable to bush
encroachment. This agrees with observations that an
increase in fire frequency can cause bush encroachment
(Pratt and Gwynne 1977, Gillon 1983, Smith 1992).
The relationship between fuel load and fire intensity
depends on several factors, such as fuel moisture, rel-
ative humidity, and wind speed (Trollope 1998). These
factors vary within and between seasons. Traditionally,
anthropogenic fires occurred at the end of the dry sea-
son (Homewood and Rodgers 1991, Smith 1992). Now-
adays, however, fires are also lit at the end of the wet
season or beginning of the dry season to obtain nutri-
tious postfire regrowth for grazing (McNaughton
1985). These changes in the timing of fires are assumed
to promote bush encroachment (Van Vegten 1983, Ar-
cher 1996). We could explain this bush encroachment
by less intense fire, given a certain amount of fuel load,
because of higher fuel moisture and relative humidity
at the end of the wet season and the beginning of the
dry season. This would decrease the coefficient for the
increase in fire intensity with grass biomass (a), which
would lead to the dominance of trees under the con-
ditions in which the model predicts two stable states
of savanna vegetation and woodland when there is a
stronger relationship between fuel load and fire inten-
sity.
When the amount of infiltrated water (win) decreases,
trees may die and woodland may become savanna. In
the phase plane, the point where the tree isocline meets
the H-axis, (W̄b, 0), then shifts to a value below the
grass isocline, as shown in Fig. 4B. This implies that
a drought decreases the effects of bush encroachment.
This has also been shown by Ludwig et al. (1997), who
include wet and dry years in their model because trees
may die back quickly in dry years, but recover slowly
in wet years. However, although the moisture recharge
rate in the tree root zone (ws) drops during one year of
drought, a decrease in the amount of available moisture
will not immediately deplete the moisture content in
the tree root zone, and thus the trees will remain. Apart
from a long period of drought, only changes in the
levels of grazing and browsing and fire regime may
decrease the encroachment of woody species (Trollope
1984, 1998).
In the literature, several deterministic and stochastic
models are presented that explain the tree–grass dy-
namics in savannas (e.g., Walker et al. 1981, Dublin
et al. 1990, Hochberg et al. 1994, Jeltsch et al. 1996,
1998, Ludwig et al. 1997, Perrings and Walker 1997,
Higgins et al. 2000). In the stochastic approaches, the
coexistence of trees and grasses can be explained by
spatial and temporal stochasticity (Jeltsch et al. 1996,
1998, Higgins et al. 2000). In this paper, we use a
deterministic approach to model the tree–grass balance.
Several authors state that savannas are not represented
by a stable mixture of trees and grasses, but are an
inherently unstable mixture that persists owing to
events such as drought, fire, and herbivory (Scholes
and Walker 1993, Jeltsch et al. 1996, 1998, Scholes
and Archer 1997, Higgins et al. 2000). The discussion
as to whether a deterministic approach is valid in sa-
vanna ecosystems is often coupled with the question
as to whether the rooting niche separation assumption
is valid (Jeltsch et al. 1996, 1998, Scholes and Archer
1997, Higgins et al. 2000). In the deterministic ap-
proaches, the rooting niche separation is the only mech-
anism thus far that can explain the coexistence of trees
and grasses. It has been argued that there is evidence
against this niche separation assumption because it ap-
pears that most roots of trees and grasses are in the
upper soil layers (Scholes and Walker 1993, Belsky
1994). However, evidence for niche separation also ex-
ists (Knoop and Walker 1985, Sala et al. 1989, Weltzin
and McPherson 1997), particularly in drier areas
(Schenk and Jackson 2002). Moreover, the presence of
hydraulic lift in trees suggests that the roots of these
trees reach water sources that cannot be reached by the
grasses (Caldwell et al. 1998).
As Scholes and Archer (1997:535) state, ‘‘no single
model can account for the variety of phenomena at all
savanna locations, or even the range of behaviors ex-
hibited at one location in different seasons or stages of
succession.’’ In our model, we highlight the interac-
tions between fire and herbivory, through grass fuel
load, as being an important mechanism in explaining
observed patterns. The fact that savanna systems are
usually not at equilibrium, due to drought, for example,
obscures the existence of such an underlying mecha-
nism. However, this in itself is not evidence for the
weakness of these interactions (cf. Illius and O’Connor
1999). Therefore, we have chosen a simple approach
focusing on a specific mechanism to unravel the cause
and effects of discontinuous dynamics. Regardless of
the discussion about event-driven systems or the root-
ing niche separation assumption, this paper shows the
importance of the interactive effects of fire and her-
bivory on the tree–grass balance in savannas.
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APPENDIX
Formal stability analyses of the tree–grass model dW/dt and dH/dt given by Eqs. 3 and 7 are available in ESA’s Electronic
Data Archive: Ecological Archives E084-008-A1.
